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I. INTRODUCTION

The object of the investigation was: (1) to establish the analytiecal
and experimental background necessary for describing a gas-driven jet
pump, and (2) to study the application of that type of jet pump to the
rocket engine system. The investigation of the gas-driven Jjet pump was
initiated in 1956, at the Jet Propulsion Center, Purdue University.

Figure 1 presents a block diagram of the Jjet pump system employed
in the investigation. A liquid and a gas at high pressure (typically
500 psi to 600 psi) are introduced into a bi-fluid injector; the afore-

mentioned components of the resulting two-phase flow are termed the drive
1iquid and the drive gas, respectively. The arive liquid flowv rate is

10 to 20 times as large (by weight) as the drive gas flow rate. The
ratio of the drive gas flow rate to the drive liquid flow rate is termed
the mixture ratio of the drive nozzle and is expressed as a peroentage.
The two drive fluids are injected into the entrance of a converging-
diverging noszle, termed the drive nosile, vhere they are mixed to form
8 high pressure (typically 500 psi), two-phase mixture. The expansion
of the two-phase mixture in the drive noztle, from the high pressure to
& lov pressure (typically ambient), produces a high velocity two-phase
Jet (500 fps to 800 fps) at the exit of the drive nozzle, termed the
drive jet. The latter then enters an induction-acceleration device,
termed the mixer, wherein the 1iquid in the drive jet impinges on the
suction liquid, the liquid to be pumped, and transfers momentum to the suc-
tion liquid. The mixture of drive liquid, suction liquid, and some drive

gas entrained in the liquid, moving at a velocity of approximately 350 fps,
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enters a device termed the separator vhere most of the entrained drive
gas is removed from the liquid by a process of centrifugal separation.
The essentially gas-free liquid, still at a high velocity, enters the
diffuser vherein the dynamic pressure of the flowing fluid is converted
to static pressure; the flow is then discharged from the jet pump. A
portion of the discharged liquid is cycled back to the bi-fluid injector
and comprises the afore-mentioned drive liquid.



II. ANALYSIS OF THE CHARACTERISTICS
OF A GAS-DRIVEN JET PUMP

The three principal characteristics employed for evaluating the
feasibility of applying the jet pump to a rocket engine system were:
(1) the theoretical performance and the gas consumption, (2) the capa-
bility of pumping common rocket propellants, and (3) the estimated weight
of the jet pump.

(a) Theoretical Performance and

Gas Cons ion
The gas consumption of a pumping system is defined as the ratio of
the mass flow rate of gas used in the jet pump to the net mass flow rate
of liquid discharged from the system. From the standpoint of weight
limitations imposed on a flight vehicle employing & gas-driven jet pump,
it is generally desirable to minimize the gas consumption.
The gas consumption of a gas-driven jet pump can be approximated

from the following relationship (1).* Thus,

-

My K !'hpnlps.“"n“r,.

vhere MG = the mass flow rate of arive gas,

MD = the mass flow rate of the discharged liquid,

K = the momentum recovery factor of the jet pump,

# Numbers in parentheses refer to references listed in the back of the
. report.



pp = the discharge pressure,

Pg = the suction liquid pressure in the mixer,

Py = the pressure at the injector face in the adrive nozzle,

W = the molecular weight of the drive gas,

P, = the density of the liquid, and

R = the universal gas constant.

The magnitude of the first bracketed expression in Equation 1, termed
the loss factor, depends on the pump losses. In the analysis of the jet
pump the momentum recovery factor, K, of the jet pump is equal to the
product of the momentum recovery associated with each of the components.#
Thus,

K = K Ky Ky K, VK (2)

vhere K = the momentum recovery factor of the jet pump,

xl = the velocity recovery factor of the drive nozzle defined to
be the ratio of the measured effective nozzle exit velocity
to a calculated isentropic exit velocity,

l(2 = the momentum recovery factor of the mixer defined to be the
ratio of the momentum of the liquid entering the separator
to the momentum of the liquids entering the mixer,

K, = the mass recovery factor defined to be the ratio of the flow

3
rate of liquid entering the diffuser to the flow rate of

liquid entering the mixer,

* An analysis based on momentum was chosen instead of one based on energy
since the analysis based on momentum proved to be more amenable to ex-
periment.
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K,+ = the velocity recovery factor of the separator defined to be the
ratio of the velocity of the liquid leaving the separator to
the velocity of the liquid entering the separator, and

K‘D = the efficiency of the diffuser defined to be the ratio of the
static pressure rise in the diffuser to the dynamic pressure
of the liguid entering the diffuser.

Figure 2 presents the loss factor as a function of the momentum re-
covery factor, K. Values of K less than O.4 are of little practical
interest and the value of K = 1.0, represents the largest thermodynamically
possible. It can be seen from Fig. 2 that even relatively small losses
result in values of the gas consumption which are many times the minimum
thermodynamically possible. If Kl’ Ka, K3, Kh’ and KD are each equal to
0.9, the momentum recovery factor of the jet pump is approximately 0.6.
The corresponding loss factor is 5.0; and the gas consumption is 5 times
the thermodynamic minimum.

The second bracketed expression in Equation 1 is termed the pressure
factor and is a measure of the effects of the discharge pressure, Pp the
suction pressure, Pg» and the nozzle pressure, Py» oD the gas consumption.
For any practical jet pump system the drive gas would be generated in a
bootstrap operation, and, therefore, the nozzle pressure would be less
than the discharge pressure. The gas consumption would be from 3 per cent
to 10 per cent larger if the pressure in the drive nozzle were 100 psi
less than the value of the discharge pressure compared to the gas con-
sumption if the nozzle pressure and discharge pressure were equal. Hence,
bootstrap operation of a jet pump does not introduce an intolerable in-

crease in the gas consumption.
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The third bracketed expression in Equation 1 presents the effect of
the density of the liquid, Py the molecular weight of the drive gas, W,
and the equilibrium temperature of the two-phase mixture at the entrance
to the nozzle, tN, on the gas consumption. Theoretically, Equation 1
indicates that the gas consumption of a jet pump will be minimized for
fluid property effects by using a drive gas of low molecular weight to
pump & liquid with a large density at the highest feasible temperature of
the drive liquid flowing through the drive nozzle.

(b) Pumping Propellants with a Jet Pump
The three important characteristics of a propellant to be considered

in determining the possible application of a jet pump to a rocket engine
system are: (1) density, (2) vapor pressure, and (3) the potential for
thermal decomposition. The influence of density of the propellant on the
gas consumption was discussed in the last paragraph of Section II(a).

If the magnitude of the vapor pressure of a propellant being pumped
is comparable to the pressures encountered during the expansion of the
two-phase mixture in the drive nozzle, the propellant may vaporize during
the expansion of the two-phase flow in the drive nozzle, and an exces-
sive quantity of propellant vapor will be exhausted from the system. 1In
some cases, for example, with cryogenic propellants, the loss of vaporiged
propellant mey be as important a criterion of the system performance as
the gas consumption (1) (2) (3).

In a practical jet pump system the drive gas, which is at high pres-
sure, will be supplied by a gas generator wherein either a monopropellant
is decomposed or bipropellants are burned. The gas temperature may range

from 1000 F to 2000 F, and the internal energy associated with the hot



drive gas could cause undesirable thermal decomposition of the pumped
propellant in the drive nozzle. Two possible examples of the foregoing
situation arise when hydrazine and hydrogen peroxide are pumped with
their own decomposition products.

Figure 3 presents the theoretical gas consumption and vapor loss as
a function of the discharge pressure for hydrazine pumped by its own de-
composition products, for two values of momentum recovery factor: K = 0.8
and K = 0.6. It can be seen from Fig. 3 that the gas consumption and
vapor loss approximately double as the momentum recovery factor decreases
from 0.8 to 0.6. Although the afore-mentioned curves apply to hydrazine
they may also be regarded as typical for pumping JP-5.

Figure 4 presents the theoretical gas consumption and vapor loss as
a function of the discharge pressure, Pp» for liquid fluorine and liquid
oxygen using gaseous helium as the drive gas. The calculations assume
a momentum recovery of K = 0.8. The curves indicate that the average
vapor loss would exceed the gas consumption by approximately 50 per cent.
The lower curves of Fig. 4 assume that a condenser is utilized in the gas
exhaust system to reduce the vapor loss; the practibility of employing
such a condenser system has, however, not been evaluated.

(c) Weight of the Gas-Driven Jet Pump

Potentially, the gas-driven jet pump should be a light weight device.
Except for the components of the pump requiring thick sections because of
complex contours, such as the drive nozzle and diffuser, the walls of most
of the components need only be thick enough to withstand the internal
pressure. If several pumps are arranged in an arrasy for accomplishing a

desired discharge flow rate, the additional weight of the manifolding must
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be considered. It is estimated that the specific weight of a gas-driven

Jjet pump would be approximately 0.3 to O.4 1b per pound of propellant

pumped per second; this compares favorably with turbopump designs (1).
Figure 5 illustrates schematically the installation of a gas-driven

Jet pump in a rocket engine system.
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ITI. ANALYTICAL AND EXPERIMENTAL
INVESTIGATION OF THE COMPONENT PROCESSES

The five principal processes occurring in the gas-driven jet pump
cycle are: (1) the atomization of the drive liquid by the bi-fluid in-
Jector to produce a two-phase mixture at the entrance of tk~ drive nozgle,
(2) the expansion of the two-phase mixture in the drive nozzle, (3) the
transfer of momentum from the drive liquid to the suction liquid in the
mixer, (4) the separation of the drive gas entrained in the liquid in the
separator, and (5) the recovery of the liquid and the conversion of its
dynamic pressure into static pressure in the diffuser.

The analytical investigation of the above component processes was
directed toward the following: (1) determining which of several possible
methods for accomplishing a process would yield the maximum recovery of
momentum, and (2) establishing an analytical description for that method.

The experimental investigaticn of the component processes was directed
toward determining the following: (1) the optimum geometric configuration
of the components, and (2) the flow characteristics of the component pro-
cesses.

(a) The Injector

An ideal bi-fluid injector for a drive nozzle would perform the fol-
lowing functions: (1) distribute the drive liquid and the drive gas uni-
formly across the entrance of the drive nozzle in the form of a two-phase
mixture, and (2) disperse and atomize the drive liquid with the minimum
loss in total pressure for each fluid. The formation of the two-phase
mixture and the dispersion and atomization of the drive liquid is most

readily achieved by increasing the differential pressure with which the
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drive gas is injected. Large differential pressures, however, lead to in-
creased total pressure losses for both the gas and the liquid and require
excessive discharge pressures from the pump, conditions which are incom-
patible with achieving a low value of gas consumption.

Figure 6 presents photographs of three configurations of bi-fluid in-
Jectors employed in the experimental investigation. The three configura-
tions represent (A) twin-fluid atomization, (B) pre-mixing, and (C) paral-
lel streams.

The experimental results indicated that the velocity recovery factor
for the drive nozzle was insensitive to the injector configuration, pro-
vided that the streams of drive liquid 4id not flow into the throat region
of the drive nozzle before they disintegrated into droplets. The size of
the droplets at the exit from the drive nozzle was influenced by the in-
Jector configurations (4), i.e., varying inversely to the size of the
droplets present in the converging section.

(b) The Drive Nozzle

There are three limiting cases pertinent to the two-phase flow of a
gas and liquid in the drive nozzle that can be investigated analytically
in a simple manner (1). They are: (1) isentropic flow with no internal
temperature difference (infinite heat transfer coefficient between phases),
(2) isentropic flow with no internal heat transfer, and (3) separate exe
pansion of the two fluids and then mixing. Figure 7 presents the theoreti-
cal exit velocities from the drive nozzle as a function of the mixture
ratio, for the three afore-mentioned limiting cases, for two-phase mixtures
of air and water. It can be seen from Fig. 7 that an expansion occurring

with no internal temperature difference between the phases will result in
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Fig. 6. Three Configurations of Bi-Fluid Injectors for Drive Nozzles
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the highest exit velocity for a two-phase air and water mixture. The same
result is applicable to the expansion, in the drive nozzle, of any non-
cryogenic liquid where the initial temperatures of the two-phases are
connparable (2). The criterion for preferring one type of expansion to
another is the achievement of the maximum kinetic energy per unit mass
of the drive liquid at the exit of the drive nozzle, with all of the
other variables held constant.

Figure 7 shows that the case of separate expansion plus mixing is
the least desirable process for transferring momentum to the drive liquid;
it yields the smallest exit velocity for the two-phase mixture of the
three types of expansion cconsidered. For that reason the process in-
volving separate expansion plus mixing was not investigated experimentally.

Another method of analysis of the two-phase flow in the drive nozzle
that is independent of limiting cases was investigated. It was developed
from simplified models of the dynamics of the flow of a single droplet of
liquid, hereafter termed droplet flow, in an expanding gas (L). The
anslysis considers the effects of the drag of the gas on the liquid drop-
lets, the secondary break-up of the liquid droplets, the geometric char-
acteristics of the drive nozzle, and empirical relations for the thermal
interactions between the gas and liquid phases. Experimental data were
employed for taking into account the afore-mentioned effects in the analy-
sis. The results obtained represent a semi-quantitative calculation of
the variation of the phase velocities, droplet radius, and static pressure
as functions of the axial distance along the drive nozzle.

None of the results predicted by the foregoing methods of analysis

were in consistent agreement with the corresponding experimental results.
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In general, the two analyses based on isentropic conditions were employed
as a standard of performance for the experimental drive nozzles. The re-
sults of the non-isentropic analysis derived from the simplified models
of droplet flow were satisfactory for correlating the indicated variations
of droplet radius in the drive jet (4).

Figure 8 presents a sectional drawing of an experimental drive nozzle.
All of the drive nozzles employed in the experimental investigation of
drive nozzle performance incorporated a converging-diverging contour. 1In
all, fifteen experimental drive nozzles were investigated.

The effects of changes in the following three principal design
variables were studied: (a) length of the drive nozzle, (b) injector
configuration, and (c) contour of the drive nozzle.

During the course of the experiments the length of the Adrive nozzle
was varied from 2 in. to 9 in., and the flow rate from a few tenths of a
pound per second to 20 1lb per sec. The velocity recovery factor was de-
termined with both non-cryogenic and cryogenic liguids. The results in-
dicated that the short drive nozzles, with lengths of approximately 2.0 in.,

had the smallest velocity recovery factors; K, varied from 0.6 to 0.7.

1
The low values of the velocity recovery factors were attributed to "slip-
page’ of the droplets of the drive liquid in the drive gas because of the
bhigh acceleration transients (approximately 50,000 g's to 100,000 g's) oc-
curring in the throat regions of the short drive nozzles.
In the case of the drive nozzles with lengths between 3.0 and

8.0 inches the velocity recovery factor varied between approximately 0.77
and 0.83, vhen the injector was designed to produce a uniform distribution
of both phases over the face of the injectors, the gas and liquid being

divided into 40 to 150 separate streams depending on the particular
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configuration. With coaxiel injection of the two-phases, that is, with a
twin-fluid atomizer, it was found that the relative velocity between the
higher velocity drive gas and the lower velocity drive liquid, at the
injector face, had to exceed a certain minimum value for the velocity re-
covery factor to attain values in the range between 0.77 and 0.83. Ap-
parently, when the relative velocity was smaller than the afore-mentioned
minimum value, the streams of drive liquid were insufficiently atomized
for achieving adequate mixing of the two phases. Accordingly, the momentum
transfer from the gas to the drive liguid was small during the initial
phase of the expansion process in the converging section of the nozzle,
so that unusually large acceleration trensients occurred in the throat
region.

In some cases, it was possible to raise the value of velocity re-
covery factor of the drive nozzle by increasing the rate of contraction of
its converging portion; that is, by shortening the converging portion for
a fixed ratio of nozzle inlet area to throat area. As a consequence, the
static pressure along the converging portion decreased more rapidly, and
also the differential pressure between the injector face and the nozzle
throat was increased, all other variables remaining constant. The afore-
mentioned variation of static precsure indicated a more rapid decomposi-
tion of the streams of drive liquid and a subsequent increase in the
amount of momentum transferred from the drive gas to the drive liquid in
the converging section, thus increasing the velocity recovery factor.

In the expansion of a two-pkhase mixture of a cryogenic liquid and a
gas the two fluids are essentially at the same temperature during the ex-
pansion; that is, they are in thermal equilibrium (2) (3). For a cryo-

genic liquid used in conjunction with a hot drive gas, thermal equilibrium
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during the expansion results in the lowest value of specific kinetic energy
of the drive liquid at the exit of the drive nozzle. If the drive gas is
condensible in the drive liquid, at the temperature of the drive liquid
and the range of pressures occurring in the drive nozzle, condensation of
the gas will occur during the expansion process. For example, the experi-
ments with gaseous nitrogen as the drive gas showed that the nitrogen gas
condensed when liquid nitrogen was used as the drive liquid. Thermal
equilibrium during the expansion of a two-phase mixture of liquid nitrogen
(-305 F), and gaseous helium (50F) gives a velocity recovery factor of
approximately 75 per cent based on no heat transfer, which represents the
most desirable type of expansion for achieving the maximum specific kinetic
energy for the drive liquid. For the mixture of liquid nitrogen (-305 F)
and gaseous nitrogen (50 F), the velocity recovery factor was 55 per cent
based on no heat transfer. The reduction in the velocity recovery factor
with liquid nitrogen as the drive liquid from 75 per cent with gaseous
helium as the drive gas to 55 per cent for gaseous nitrogen as the drive
gas, illustrates the undesirable influence of the condensation of the drive
gas in the drive liquid.

The variation in the average size of the droplets of the drive liquiq,
in two or more Arive Jets was indicated by corresponding changes in the
flow rate of drive liquid captured by a fractionating probe submerged in
the drive jets (4). The average size of the droplets of the drive liguid
in the drive jet was indicated as being a complicated function of the
characteristics of the injector, the contour and length of the drive noz-
zle, and the mixture ratio. The experimental data obtained with the frac-

tionating probe combined with the results of analytical calculatioms
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indicated that the surface mean diameters of the afore-mentioned droplets
r anged between approximately 0.0005 in. and 0.005 in. The calculated sur-
face mean diameters of the liquid droplets formed in the converging section
of the drive nozzle by the twin-fluid atomizing injectors were approximately
0.040 in. Thus, the surface mean diameter of the droplets appeared to de-
crease by a factor of approximately 10 to 80 during the expansion of the
two-phase mixture in the drive nozzle. A more complete discussion of the
flow of a two-phase mixture in a drive nozzle is presented in references (1)
(2) (3) (b).

It appears that the near optimum drive nozzle for a jet pump is one
having a contour and length such that the velocity recovery factor would
be a maximum vhen the injector produces liquid droplets in the converging
section of the nozzle having a mean diameter of the same order of magnitude
as that for the droplets in the drive jJet. The optimum operating point
for a drive nozzle will depend on the operating point and the overall
design of the Jjet pump.

(¢) The Mixer

The investigation of the characteristics of the mixer wvas divided into
the following two principal phases: (1) the experimental determination of
a satisfactory geometry for the mixer, and (2) the investigation of the
process of momentum transfer from the drive liquid to the suction liquid.

The ideal mixer for a jet pump appears to be a channel wherein the
drive 1liquid and the suction liquid mix in a free-stream flow. An actual
mixer, however, because it is necessary that the suction liquid be distri-
buted uniformly in the drive jet, requires a surface for accomplishing
the mixing process. Any surface, of course, leads to frictional losses,

and consequently, reduces the momentum recovery factor.



2l

The design of an optimum surface-type mixer is not solely a function
of its gecmetry, but one must consider simultaneously the characteristics
of the drive nozzle, the geometry of mixer and the separator as a unit,
and the method employed for injecting the suction liquid into the mixer.
When all of the afore-mentioned factors are considered, the optimum
geometry of a mixer surface is the one that maximizes the product of
(a) the momentum recovery factor of the mixer, (b) the velocity recovery
factor of the separator, and (c) the mass recovery factor evaluated at
the diffuser.

Figure 9 illustrates five configurations of experimental mixers that
were investigated, together with one which is deemed to be the optimum
surface configuration for a mixen Experiments by Elliott indicated that
a 15 deg half-angle for the surface of the mixer gave the maximum recovery
of momentum (1). Mixer types A, B, and C (in Fig. 9) were designed for
operation in conjunction with an annular diffuser, whereas types D, E,
and F for operation in conjunction with a conical diffuser. From the
experimentel results obtained with mixer Types A through E, it appears
that the optimum geometry is one with & concave surface that curves to-
ward 8 conical diffuser; the radius of curvature of the mixer surface
would depend upon the configuration and dimensions of the drive jet, and
also upon the method employed for injecting the suction liquid. No
analytical description of the interdependence of the factors just des-
cribed has been established. A conical mixer, identical to type D in
Pig. 9, wvas employed in the investigation of the momentum transfer from
the drive liquid to the suction liquid (5). No separator followed the

mixer; instead an annular capture slot, the width of which could be
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varied, was located at the exit of the mixer. The results of the experi-
ments indicated that the mean velocity of the flow evaluated at the
capture slot varied inversely with the &.iS/ML ratio (vhere h'(s is the suction
liquid flow rate, and ML the drive liquid flow rate), and directly with
the nozzle mixture ratio MG/M‘L The mass recovery of the combined flow
rates of suction liquid and drive liquid was approaimately 80 per cent
for a capture slot width of 0.125 in.; the ratio of the volume of entrained
drive gas to volume of liquid was in the ratio of 4 to 1.

Figure 10 presents representative curves of the local effective density
and the local effective velocity of the flow on the mixer as a function of
the width of the capture slot, as determined at the capture slot. It is
seen that the density of the two-phase mixture decreases rapidly with s,
until approximately s = 0.01 in. Thereafter, the density remained con-
stant until s = 0.05, the limit of measurement. Figure 10 shows that the
effective velocity of the two-phase mixture attains a maximum value at
8 = 0.008 in.; thereafter the velocity decreases with increasing values of
8. There is reason to believe that the velocity of the flow within ap-
proximately 0.003 in. of the mixer surface is approximately equal to the
injection velocity of the suction liguid (5).

A simplified flow model for the mixer is one comprising two principel
regions (1) the free-stream drive jet wherein the drive liquid is suspended
as droplets in the drive gas, and (2) the region within approximately
0.060 in. of the surface of the mixer where the liquid is assumed to be
substantially the continuous phase but contains bubbles of entrained drive
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To predict the impingement characteristics of the droplets a simpli-
fied form of the mechanics of suspensions can be applied to it. The two-
phase flow in the second region can be treated as a single fluid with
position dependent properties. Moreover, since the local acoustic velocity
at any point in the two-phase flow in the second region has a low value,
approximately 75 fps (6) (7), the flow may be treated as a supersonic
flow wherein the local Mach number varies from zero at the surface of the
mixer to possibly eight at the point where the velocity of the two-phase
flow is a maximum. In both of the afore-mentioned regions the flow is
characterized by a high intensity of turbulence.

The momentum recovery factor for the mixer was determined experi-
mentally for the mixer-types A through D, illustrated in PFig. 9. The
momentum recovery was found to increase gradually from a value of approxi-
nately K2 = 0.7 for no suction liquid flow to a value between 0.9 and
0.95 for ratios of suction liquid flow rate to drive liquid flow rate of
approximately 0.5 and larger.

(d) The Separator

Figure 11 presents photographs of two types of experimental separators
that were investigated, the separators were formed from a circular section
of a toroidal surface. A radial acceleration, varying from approximately
10,000 g to 30,000 g was impressed on the two-phase mixture flowing
through the separator inducing the separation of the entrained bubbles
of drive gas from the two-phase mixture. Another function of the separator
was the recovery of the liquid before the flow entered the diffuser.

An analytical criterion was established for defining the ideal

separator. The criterion chosen was the time required for separating



(b)

Fig.11 Two Configurations of Experimental Separators
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a single bubble, having a specified initial radius vhen adjacent to the
surface of the separator, from a £ilm of liquid of specified thickness,
assuming the flow to be one-dimensional. The time of separation so
calculated represented the minimum or ideal time.
The analytical relationships for calculating the ideal time of separa-
tion contained the following eight principal variables influencing the

ideal separation process: (1) the velocity of the liquid film, (2) the

density of the liquid f£ilm, (3) the 3 .itial diameter of the gas bubble,

(4) the thickness of the liquid f£ilm, (5) the radius of curvature of the
separator, (6) the drag coefficient of the gas bubble, (7) the assumed
thermodynamic path taken by the gas in the bubble, for example, isothermal,
isentropic, etc., and (8) the physical properties of the liquid composing
the film, and the gas in the bubble.

Pigure 11(a) is a photograph of the type of separator employed for
determining the effective density and velocity profiles in the two-pbase
mixture flowing on a separator. Figure 12 presents the effective density
as a function of the distance from the separator surface, and Fig. 13
presents the effective velocity as a function of the distance from the
separator surface, both parameters being determined at the entrance to
the diffuser. The particular separator employed in the experiments had
a radius of curvature of 0.7 in. and an arc length of 30 deg. Comparing
Figs. 12 and 13 with Fig. 10, it is seen that both the effective density
profile and the effective velocity profile for the two-phase flow leaving
the separator represent a continuation of the same profiles in the two-
phase flow leaving the mixer. The density profiles in the flow leaving
the separator can be readily extrapolated to a value of the density at
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the surface of the separator, namely 2.0 slugs/rt3, vhich is within a
few per cent of the density of water, the liquid used in the experiments.
Figure 12 shows that the mean density increased slightly with an increase
in the suction liquid flow rate. The mean density of the two-phase flow
did not vary linearly with the suction liquid flow rate; leaving the
separator the mean density was approximately one-half the density of water.

The separator illustrated in Fig. 11(b) had a radius of curvature of
1.0 in. and an arc length of 165 deg. From the experiments with that
separator, it was found that the density of the flow captured at the dif-
fuser (in excess of 95 per cent of the total liquid flow) was approxi-
mately eight-tenths that of water. More complete separation was hindered
by a continuous "thickening" of the flow as it curved inward toward the
diffuser.

Substantially complete separation of the entrained drive gas from the
liquid in a centrifugal separator of the type discussed herein would ap-
pear to be achievable if the effective thickness of the flow on the
separator can be made small enough. Complete separation was observed in
the first 5 deg of a centrifugal separator with a radius of curvature of
0.3 in. where the initial thickness of the flow was approximately
0.005 in.; flows of that thickness would be encountered in small jet
pumps, however, and correspond to a drive liquid flow rate of the order
of 1 1b per sec.

(e) The Diffuser

The investigation of the diffuser was directed toward determining

the performance of diffusers with single-phase flow (water) and with two-

phase flow (water and air); the inlet velocities were varied from 70 fps
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to 220 fps (8). The results of the investigation of a conical diverging
diffuser, such as that normally employed for diffusing either an incom-
pressible or subsonic gas flow, indicated that the problem of diffusing a
two-phase flow, such as that leaving the separator of a gas-driven jet
punp, is significantly different and more complex than that encountered in
diffusing single phase flows in pipe-connected systems.

In a gas-driven jet pump the fluid to be diffused is a two-phase flow
vhich enters the diffuser as a free jet. Because of the mixing and separa-
tion processes, there are large radial density and veloeity gradients in
the bubbly mixture entering the diffuser. Furthermore, if the bubbly
mixture is treated as a continuum, for example as a dense gas in iso-
thermal flow with a density approximately proportional to the pressure,
the local acoustic velocity at any point in the fluid is quite low as
noted earlier (approximately 75 £ps). Consequently, if the mixture velo-
city is approximately 350 fps, as occurs in the jet pump, the flow has
characteristics similar to that for a supersonic flow at a Mach number of
approximately 5. The overall effect of the foregoing factors precludes
the utilization of the conical diverging diffuser commonly employed for
incompressible and subsonic compressible flows. It would appear that the
diffusion of a two-phase flow requires a form of diffuser that can accom-
modate the supersonic characteristics of the flow.

The efficiencies of the diffusers employed in the experimental jet
pumps varied between 0.35 and 0.65. Since no adequate physical or analy-
tical description of the diffusion process involving a two-phase mixture
of a gas and a liquid is available, it is not possible to state whether or

not the diffuser efficiency can be increased to acceptable values, that is,



3
between 0.8 and 0.9. No discussion of the problem of the diffusion of a
bubbly mixture was found in the literature. A fuller understanding of
the principal factors governing the diffusion of two-phase mixtures is re-

quired if satisfactory values of diffuser efficiency are to be achieved.



IV. EXPERIMENTAL GAS-DRIVEN JET PUMPS

Experiments were conducted with six experimental Jjet pumps. Two
principal configurations were studied, one where the mixer was a full
right circular cone and the diffuser was annular, and the other where the
mixer was the internal surface of the base end of a right circular cone,
and the diffuser was conical. The first four experimental jet pumps
(designated Models A through D) had nominal discharge capacities between
0.5 1b/sec and 1.0 lb/sec. The experiments conducted with jet pumps A
through D were of an exploratory nature, and the results obtained from
those experiments were utilized in designing two larger jet pumps, the
Model E and Model F.

Figure 14 presents a sectional drawing of the Model E jet pump. The
effective length of the drive nozzle was 5.75 in. measured from the face
of the injector to the nozzle exit. At a mixture ratio of 10.0 per cent,
the drive liquid flow rate was 8.7 lb/sec. The suction liquid was injected
onto the mixer from the hollow core of the drive nozzle, and the nominal
suction liquid flow rate was 4.0 lb/sec. The separator was constructed
with a 30 deg arc and a radius of curvature of l.4 in., and the annular
diffuser had a nominal throat thickness of 0.0100 in. with a 0.012 in.
inlet approximately 0.002 in. upstream of the throat.

From the experiments with the Model E jet pump it was evident that
the operation of that pump was deficient in three respects; (1) the dif-
fuser had too low a mass recovery; (2) the separation of the entrained
drive gas was inadequate; and (3) the diffuser bad too low an efficiency
(approximately 0.45). The major defect in the design in the Model E jet

pump, however, was the separator. Its projected frontal area was too
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small for achieving a satisfactory mass recovery, and its length of arc
was too short for accomplishing a satisfactory separation of the drive gas
from the liquid.

Figure 15 is a sectional drawing of the Model F Jet pump. The effec-
tive length of the drive nozzle was 3.25 in. The drive liquid flow rate
vas 16.6 1b/sec at a mixture ratio of 7.0 per cent, and the suction liquid
was injected onto the mixer through an annular slot located close to the
exit of the drive nozzle; the nominal flow rate of suction liquid was
8.0 1b/sec. The separator had an arc length of 165 deg with a radius of
curvature of 0.9 in. In one experimental version the radius of curvature
was 1.0 in. and the first 30 deg of the separator also served as a portion
of the mixer. Both a diverging diffuser, as shown in Fig. 15, and a
converging-diverging diffuser were employed in the Model F jet pump.

Table 1 presents the operating characteristics of the Model E jet
pump, and the two configurations of the Model F jet pump. Of particular
interest are the values of the volumetric air entrainment, the maximum
discharge pressure, and the mass recovery at the maximum discharge pres-
sure when the experimental jet pumps were operating at their nominal pump-
ing capacity which was MS/ML = 0.5.

The experiments showed that the volumetric air entraioment of the
bubbly mixture entering the diffuser of the Model F-II Jet pump, which had
& 165 deg separator arc, was less than one-half of that for the Model E
Jet pump; the latter had a 30 deg separator arc.

The maximum discharge pressure achieved experimentally, at the
nominal suction liquid flow rate, was 450 psi for the Model F-I and

LOO psi for the Model F-II jet pumps, respectively. The lower value
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obtained with the Model F-II jet pump, is attributed, in part, to the
design of the mixer which was not the optimum design for achieving the
maximum momentum recovery. Both of the diffusers employed in the Model F
"gtalled out" abruptly with a sudden decreasc in mass recovery at a pres-
sure approximately 10 psi to 20 psi higher than the maximum discharge
pressure presented in Table 1. The afore-mentioned stalling is believed
to be a characteristic associated with the diffusion of the supersonic
two-phase flow.

A satisfactory mass recovery factor (95%) was obtained with the
Model F-II Jet pump at the nominal suction liquid flow rate and the maxi-
mum disasharge pressure. The low mass recovery factors obtained for the
Model E and Model F-I jet pumps (less than 55 per cent and 65 per cent,
respectively) are attributed to the inadequacies of the diffuser. In
both jet pumps the diffusers were essentially designs that are applicable
to either incompressible of subsonic flows. They caused a discontinuity
to form in the two-phase flow as it approached the diffuser entrance, in
& manner similar to a compression shock.

The experimental values of the momentum recovery factor of the drive
nozzle, the mixer, and the separator were sufficiently large to indicate
that a practical gas-driven jet pump is possible for achieving a net flow
of discharged liquid at a pressure between 600 psi and 650 psi provided
the diffuser efficiency can be raised to approximately 0.8. To realize
a practical jet pump, either more accurate knowledge is needed regarding
the diffusion of two-phase mixtures, or a more satisfactory method must
be developed for separating the entrained drive gas from the mixture

entering the diffuser.



. V. CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations presented herein are based pri-
marily on the analytical and experimental results obtained from the in-
vestigations discussed in this report. The conclusions presented apply
to the feasibility and limitations of the gas-driven jet pump, and to the
components of such a jet pump. More details regarding the technical des-
cription of the jet pump and its components are presented in the
references (1) (2) (3) (4) (5) (8).

(a) Conclusions for the Gas-

Driven Jet Pump System

1. The snalytical and experimental investigations of the gas-driven jet
pump revealed no fundamental thermodynamical or fluid mechanical
reason which would preclude the pumping of a net flow rate of a liquid
to a discharge pressure in excess of the nozzle pressure.

2. m results of the analytical investigation indicated that values of
the gas-consumption between 5.0 per cent and 10.0 per cent should be
attainable for gas-driven jet pumps in which the momentum recovery
factor of each component is approximately 0.9.

3. The gas-driven jet pump does not appear applicable to pumping cryo-
genic propellants or propellants with uncommonly high vapor pressures
because the high vapor pressures cause an excessive loss of propellant
in the form of vapor.

k. The operating characteristics of a gas-driven jet pump are strongly

influenced by the shape and mechanical design of its components.
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(b) Conclusions for the Components
of a Gas-Driven Jet Pump

1. Based on both analytical® and experimental results the velocity re-
covery factor of the drive nozzle appears to be limited to a value
below 0.9 for a drive nozzle employing an injector having a dif-
ferential pressure of injection which is compatible with the system
requirements.

2. Condensibility of the drive gas in the drive liquid is a definite
impediment to the attainment of a high velocity for the two-phase
mixture leaving the drive nozzle.

3. It is posaible to mix the drive liquid with the suction liquid, in the
mixer, and achieve a momentum recovery in excess of 90 per cent.

4. Experiments showed that the volume of the entrained drive gas in the
two-phase mixture entering a properly designed centrifugal separator
could be reduced by as much as 95 per cent in flowing through that
separator.

S. A diffuser for diffusing two-phase mixtures is needed if there is
incomplete separation of the entrained drive gas in the mixture
entering the diffuser.

(¢) Reccomendations

It is recommended that the following research programs be initiated.

1. A theoretical and experimental investigation for determining the
variables and fluid mechanical processes that limit the velocity

recovery factor of a two-dimensional drive noszzle.

# Personal communication with Dr. D. G. Elliott, Jet Propulsion Laboratory,
NASA.



2.

3.

A theoretical and experimental investigation of the process of the
separation of entrained gas in a liquid flowing in a two-dimensional
centrifugal separator.

Theoretical and experimental investigation of the process of the daif-
fusion of a two-phase mixture of a liquid and a gas for different
amounts of gas entrainment.

An investigation for improving the instrumentation techniques for
measuring the pertinent variables of two-phase mixture of a gas and

a8 liguid.
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